Background: To meet the urgent need to predict individual drug responses of patients and thus support drug development, better preclinical models of solid tumors are inevitable. Here, a newly developed precision cut cancer tissue slice culture is presented and its use in drug testing was evaluated. Methods: Efficacy of therapeutic compounds from different classes, i.e. Staurosporine, IRESSATM, and Herceptin® was tested within the drug testing platform using fresh precision cut cancer slices from human colon, lung, or breast tumor tissues. The stability and significance of the model were evaluated on the level of gene expression, by antibody diffusion assays, and drug responses were detected by immunohistochemical staining, Meso Scale Discovery (Akt, pAkt) analysis, Western blotting (pAkt, pMAPK), viability (ATP) and apoptosis assays (Caspase-3/7). Results: We obtained sufficient numbers of tissue slices from cancer specimens to be able to perform a wide range of experiments for each individual tumor. In our culture system, cells remained viable and proliferated for at least 4 days within their tissue environment. Viability of tissue slices decreased significantly due to therapeutic treatment in a dose-dependent manner. Gene expression varied remarkably in primary cultivated cells and HT-29 cells in comparison to cultivated tumor slices, which closely represent freshly isolated tumor tissue. An Alexa Fluor 488-labelled antibody showed diffusion in deeper cell layers and the ability of the system to evaluate effects of antibody therapy. Sustained viability of the precision cut cancer tissue slices over 72h enabled to test different drugs. Staurosporine, Iressa
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BACKGROUND
In the process of drug development, it is important to predict efficacy of anti-cancer drug candidates in vivo, therefore predictive in vitro test systems are inevitable. The individual interaction of cancer cells with the surrounding stromal cells [1, 2] , the extracellular matrix and the vascular network strongly impacts the efficiency of anti-cancer agents and the resistance to cancer therapy [1, [3] [4] [5] [6] [7] [8] [9] [10] . Predictive in vitro/ ex vivo culture system should authentically represent this heterogeneity of individual tumors which contain several different cell types and bear various individual genetic alterations [11] .
Current anti-cancer therapies are mostly cytotoxic chemotherapeutic drugs which cause serious side effects, act rather unspecific and are therefore not tailored to meet individual needs [12, 13] . Although adjuvant chemotherapies have initially a high response rate, entire populations of patients do not benefit from treatment [14, 15] . Therefore, personalized medicine gets more and more essential [16, 17] , comprising new classes of therapeutic agents like small molecules [18] [19] [20] and therapeutic monoclonal antibodies [21] [22] [23] . Most of these drugs are directed against specific cellular and molecular targets of signaling pathways, such as key receptors, or signaling proteins, which are elevated in certain tumors [24] [25] [26] . Due to the specificity of these drugs, targeted therapies cause fewer side effects [27] , meet rather individual therapeutic needs and might be more effective than chemotherapy alone, making the tumors better clinically manageable [28, 29] .
Development of new anti-cancer drugs, or direct testing of patient samples in a time-frame suitable for clinical decision making, need a suitable preclinical drug-testing model [30, 31] . The commonly used in vitro systems for drug screening are based on monolayer [32] or spheroid cultures [33] [34] [35] of primary cells [15, 36] , or cancer cell lines [37, 38] . Unfortunately, these cultures are subject to various genetic and epigenetic changes which occur during the isolation and cultivation process [39, 40] and, even worse, do not necessarily represent the natural microenvironment of the original tumor tissue [41] . Monolayers and spheroids are simplified models that lack the extensive vascularization of high stage solid tumors [28, 32] . The typical radius of spheroids ranges between 150-200μm, whereas the typical radius of tissue slices lays around 400μm necessary for inducing significant hypoxia or heterogeneous drug distribution [42] . All these modifications affect drug response [43] and impair the suitability of these systems to serve as predictive drug testing models for novel and better anti-cancer drugs. Therefore the scope must be extended to actual tissue samples.
The here presented precision cut cancer tissue culture system represents a more promising in vitro model which combines the advantages of maintaining the heterogeneous and complex 3D tissue architecture, cell viability, pathway activity, overall gene expression and natural individual tumor microenvironment [44] [45] [46] [47] . The model is based on cultivated cancer tissue slices derived from diverse tumor entities which permits detailed drug testing in individual tumor microenvironments and genetic backgrounds. We examined in "proof of concept" studies whether cultivated tumor tissue slices maintain the properties of the corresponding original tumor tissue and investigated if this model is applicable to evaluate anti-cancer drugs from different compound classes. In our studies we focused on the cytotoxic agent Staurosporine, the small molecule inhibitor IRESSATM and the therapeutic monoclonal antibody Herceptin®. The latter belong both to the new class of targeted therapeutic drugs and interfere with specific signaling pathways like the epidermal growth factor receptor (EGFR) or human epidermal growth factor receptor 2 (Her-2) related Akt or Mitogen-activated protein kinase (MAPK) pathway. We showed that this preclinical precision cut cancer tissue culture model allows analysis of target expression, examination of functional drug effects like viability and apoptosis as well as the influence on specific signaling pathways. Taken together this tissue slice culture model is a promising tool to predict drug response and to select promising lead candidates for clinical trials.
METHODS AND MATERIAL
Collection of Patients' Tumor Tissue
All patients suffered from an adenocarcinoma and gave written consent and institutional review board approval was obtained at the physicians association in Hamburg, Germany. Tumor tissues of NSCLC, colon and breast cancer patients were collected according to Indivumed's standard operating procedures. In less than 15 min after completion of surgical resection, tissue samples were either snap frozen in liquid nitrogen, fixed in formalin to serve as reference material or transferred to ice cold tissue preservation medium [RPMI 1640 medium supplemented with 2 mM L-glutamine, 1 % MEM-vitamins, 1 % penicillin/streptomycin, 0.2 % gentamicin, 5 μg/mL transferrin, 12.5 μg/mL fetuin, 20 μg/ mL insulin, 10 % fetal calf serum (FCS)] and subsequently used as starting material for the preparation of fresh tissue slices and/or primary cells.
Research involving human subjects in this study was conducted in compliance with the Helsinki Declaration and all patients gave informed consent. The use of human tissue was approved and the compliance with data protection regulations regarding the anonymization of the samples.
Preparation and Cultivation of Precision Cut Cancer Tissue Slices and Primary Cells
In order to obtain tissue slices cultures, fresh tissue samples were cut into 400 μm x 5 mm thick tissue slices using KrumdieckTM tissue slicer MD4000-01 (TSE Systems, Bad Homburg, Germany) according to manufacturer's instructions. NSCLC, colon and breast cancer tissue slices were cultured in 24-well plates with tissue culture medium [RPMI 1640 medium supplemented with 2 mM L-glutamine, 25 nM sodium selenite, 10 μM ethanolamine, 10 μM phosphorylethanolamine, 100 pM triiodothyronine, 0.5 mM sodium pyruvate, 1 % MEM-vitamins, 1 % penicillin/ streptomycin, 0.1 % gentamicin, 0.5 μg/mL fungizone, 10 μg/ mL transferrin, 2 mg/mL bovine serum albumin (BSA), 1 ng/ mL epidermal growth factor (EGF), 12.5 μg/mL fetuin, 20 μg/mL insulin and 0.5 mM hydrocortisone, and 5 % FCS] at 37 °C and 5 % CO2. Additionally, plates were shaken at 100 rpm.
Primary cell cultures were obtained by mechanical disruption of tissues followed by enzymatic digestion for 45 min with 2 mg/mL NB6 collagenase. Cell suspensions were washed twice with cell culture medium (DMEM/F12 medium supplemented with 5μg/mL transferring, 12.5 μg/mL fetuin, 2 mM L-glutamine, 20 μg/mL insulin, 1 % penicillin/ streptomycin, 1 % MEM-vitamins, 0.2 % gentamicin, 0.5 μg/mL fungizone, and 10 % FCS) and D-PBS followed by filtration through a 420 μm steel and 100 μm as well as 70 μm cell strainer meshes and centrifuged at 500 x g. Erythrocytes were subsequently lysed using EasyLyse kit from Dako (Hamburg, Germany) according to the manufacturer's instructions. Afterwards cells were seeded on collagen I pre-coated plates (2-4 x 104 cells per 384 well or 0.8-1.6 x 105 cells per 96well). Primary cultures were incubated at 37 °C and 5 % CO2. Cells were routinely passaged applying 1x trypsin-EDTA. During drug treatment cells were in exponential growth phase.
Cultivation of Cell Lines
Human colorectal adenocarcinoma cell line HT-29 (ATTC, Rockville, MD, USA), human breast adenocarcinoma cell lines MCF7 and BT-474 cells (CLS, Eppelheim, Germany) were cultured in RPMI 1640 medium supplemented with 10 % FCS, 2mM L-glutamine, human colorectal adenocarcinoma cell lines Caco-2 and SW480 cells were cultured in DMEMF12 and DMEM at 37 °C and 5 % CO2. Cells were routinely passaged applying 1x trypsin-EDTA.
Drug Treatment
All drugs were dissolved in dimethyl sulfoxide (DMSO) and stock solutions were stored at -80 °C. For compound treatment drugs were diluted in culture medium to the indicated final drug concentrations. Untreated tissue slices or cells served as control. All experiments were done with a solvent control containing the respective DMSO concentration.
Colon cancer tissue slices were treated with 1, 5 and 10μM Staurosporine (Sigma-Aldrich, Taufkirchen, Germany) in RPMI 1640 tissue culture medium supplemented with 10 % FCS for up to 24 h.
For IRESSATM treatment (Gefitinib; Cayman Chemicals, Ann Arbor, MI, USA) Caco-2 and SW480 cells were incubated with 0.5, 1, 5 or 10 μM IRESSATM in RPMI 1640 medium containing 2 mM L-glutamine, 3 % penicillin/ streptomycin and 10 % FCS for 24, 48 and 72 h. Colon cancer tissue slices were treated with 1, 10, 100 or 200 μM IRESSATM in RPMI 1640 tissue culture medium containing 5 % FCS and 3 % penicillin/streptomycin for 24 and 48 h. For epidermal growth factor (EGF) activation cell and tissue culture media were supplemented with 60 ng/mL EGF (Sigma-Aldrich, Taufkirchen, Germany).
For treatment with Herceptin® BT-474 and MCF7 cells were incubated with 0.01, 0.05, 0.1, 1 or 10 μg/mL Herceptin® (Trastuzumab, Roche Pharma, GrenzachWyhlen, Germany) in serum-free RPMI 1640 medium containing 2 mM L-glutamine for up to 24 h. Breast cancer tissue slices were treated with 1, 10, 100 and 1'000 µg/mL Herceptin® in serum-free RPMI 1640 tissue culture medium for up to 24 h.
Antibody Diffusion Assay and Immunofluorescence
Tissue slices were cultured in RPMI 1640 tissue culture medium for 1 h before incubation with the primary antibody, using either a mouse-anti-EpCAM antibody (VU1D9, New England Biolabs GmbH, Frankfurt, Germany, 1:50) or a mouse-anti-PanCytokeratin antibody (Zytomed Systems, Berlin, Germany; 1:50) for up to 24 h. Slices were then washed in PBS, frozen in liquid nitrogen, cut into 5 μm thick slices using the Cryostat Microm HM500 0 (Microm, Gudenrath, Germany) and fixed in 2 % paraformaldehyde. Afterwards staining with an secondary antibody was performed using an anti-mouse Alexa Flour 488 antibody (Fisher Scientific, Schwerte, Germany) diluted to 1:100 in 0.05 % Tween20/D-PBS for 1h at RT in the dark followed by DAPI staining (Hoechst 33342, Sigma, Steinheim, Germany, 1:10'000) for 10min at RT. Tissue slices were embedded in Fluoromount G (Southern Biotech, Birmingham, US) and components were visualized by fluorescence microscopy (fluorescence microscope, Zeiss, Gottingen). Untreated, DAPI-stained tissue slices served as control.
RNA Isolation and Microarray Analysis
For RNA isolation, tissues and cells were disrupted in RNA-STAT 60 using an Ultra Turrax T8 Homogenizer (IKA, Staufen, Germany). Total RNAs from cells or tissues were extracted according to the manufacturer's protocol and then purified using Qiagen RNeasy kit (Hilden, Germany). RNA quality and quantity was assessed using the RNA 6000 Nano assay kit (Agilent Technologies, Berlin, Germany) and the Agilent 2100 Bioanalyzer. Only samples with RNA integrity numbers (RIN) > 7 were used for microarray analysis.
Gene expression analysis was performed using high-density HG-U133plus 2.0 GeneChips® from Affymetrix (Santa Clara, CA, USA). For Affymetrix arrays double stranded cDNA was generated from 6μg total RNA by reverse transcription using a T7-(dT)24 primer (TIB MOLBIOL, Berlin, Germany) and an Invitrogen SuperScript ds-cDNA synthesis kit. Biotin-labeled cRNA was synthesized using the GeneChip® IVT Labeling Kit (Affymetrix) and subsequently purified on RNeasy columns (Qiagen, Hilden, Germany). Hybridization and staining reactions as well as detection procedures were carried out at an Affymetrix certified laboratory (RZPD, Berlin, Germany) using an Affymetrix Fluidics station and a GeneChipR Scanner 3000 (Affymetrix). Raw data transformation, normalization and calculation of genes flagged "present" were performed using the MAS 5.0 algorithm (Affymetrix). Further examination of expression differences were performed using Array Assist 4.2.0 software (Stratagene, La Jolla, CA). Gene expression differences were analyzed applying an unpaired student's t-test, asymptotic p-value computation and a BenjaminiHochberg correlation for multiple testings. Genes with a ≥ 2-fold change at a p-value ≤ 0.05 were considered as significantly changed.
Immunohistochemical Staining
Tumor slices were formalin-fixed, embedded in paraffin and cut to 5 μm thick sections using the HM340 E rotation microtome (Microm, Walldorf, Germany). Sections were dried overnight at 56°C and subjected to immunohistochemical staining (IHC) for Ki67 (BioGenex, San Ramon, CA, USA; 1:40), Caspase-3 (Cell Signaling, Danvers, MA, USA; 1:250) and Her-2 (ready to use, Ventana, Roche Diagnostics Deutschland GmbH, Mannheim, Germany) using Ventana® Discovery XT staining platform (Ventana Medical Systems, Tucson, AZ, USA). Scoring of quantity and intensity in relation to positive and negative control was performed microscopically .
Haematoxylin and eosin (H&E) staining was performed for assessment of tumor content (data not shown).
Preparation of Cell and Tissue Lysates
Cell and tissue lysates were prepared using phospholysis buffer [containing 20 mM Tris-HCl, 150 mM NaCl, 5mM EDTA, 1 % Triton X 100, Complete protease inhibitor cocktail (Roche, Mannheim, 1:7) and phosphatase inhibitor cocktail (Sigma, Steinheim, 1:100)] or MSD® lysis buffer (Gaithersburg, MD, USA). Lysates were used for ATPlite viability assay, apoptosis assay, western blotting and multiplex protein discovery assay.
For preparation of tissue lysates tissue slices were frozen in liquid nitrogen, subjected to lysis buffer and homogenized in a swing mill (MM300, Retsch, Haan, Germany) for 2 min at 30 Hz followed by incubation at 4 °C for 30 min. Afterwards, lysates were centrifuged at 8'000 x g and 4 °C for 10 min (Universal 32R centrifuge, Hettich, Tuttingen, Germany). For preparation of cell lysates cells were harvested and washed twice with D-PBS. Afterwards cells were re-suspended in lysis buffer and incubated for 30 min at 4 °C. Finally, lysates were centrifuged at 8'000 x g for 10 min and 4 °C (Universal 32R centrifuge, Hettich, Tuttingen, Germany). Protein concentration was determined by Bicinchoninic Acid Protein assay (Sigma, Steinheim, Germany).
Cell Viability and Apoptosis Assay
Cell viability was measured using the ATPlite® luminescence assay (Perkin Elmer, Rodgau, Germany) and apoptosis induction was detected by Caspase-Glo 3/7 assay (Promega, Madison, WI, USA). In brief, tissue lysates were prepared and subjected either to ATPlite® assay or to Caspase-Glo 3/7 assay in triplicates. Assays were conducted as described in manufacturer's instructions. Luminescence was measured on a FLUOstar OPTIMA® (BMG Laboratories, Germany). To adjust for tissue size variation, the luminescence signals were normalized to total protein concentration.
Multiplex Protein Arrays
Analysis of signaling molecules was conducted using the antibody based technology platform from MSD®. For quantification of Akt a MSD 96-well MULTI-SPOT® assay with specific antibodies against total and phosphorylated Akt (Ser473; duplex format) was selected. The assay was carried out according to manufacturer's protocol using 10 µg of tissue lysate per well in triplicates for each condition. Plates were analyzed by MSD SECTOR™ Imager 2400 (MSD®, Gaithersburg, MD, USA) and relative signal intensity, which corresponds to the quantity of targeted protein, was obtained.
Western Blot Analysis
Semi quantification of proteins was done by using the NuPAGE SDS PAGE and blotting system (Invitrogen, Darmstadt, Germany) according to manufacturer's instruction. In brief, cell or tissue lysates were denatured in NuPAGE LDS sample buffer containing 1x NuPAGE sample reducing agent (NuPAGE, Invitrogen, Darmstadt, Germany) for 10 min at 70 °C, centrifuged at 13'000 rpm for 1 min and loaded onto a 4-12 % Bis-Tris gradient gel (NuPAGE, Invitrogen, Darmstadt, Germany). Afterwards samples were transferred to polyvinylidene difluoride Immobilon-P membrane (PVDF, Millipore Corporation, Billerica, MA, USA) in a wet blot. Membranes were washed 3-times for 10min in washing buffer (50 mM Tris, 150 mM NaCl and 0.3 % Tween20) and blocked (washing buffer containing 5 % low fat milk powder, Roth, Karlsruhe, Germany) for 1h at RT. Primary antibodies, rabbit-anti pMAPK antibody (1:1'000, Cell Signaling, Danvers, USA), rabbit-anti pAkt antibody (1:2'000, Cell Signaling), or mouse-anti GAPDH antibody (1:4'000, Ambion, Woodward, USA; loading control) were incubated over night at 4 °C. After washing 3-times, blots were incubated with peroxidase-labeled secondary antibodies, anti-rabbit HRP antibody (1:10'000, Pierce/Thermo Scientific, Bonn, Germany) or anti-mouse HRP antibody (1:20'000, Pierce/Thermo Scientific) for 1h at RT. Signals were visualized by enhanced chemiluminescence (Luminol Super Signal West, Pierce/Thermo Scientific, Bonn, Germany) and detected by Raytest detection system "Darkroom Evo III" as well as Raytest documentation system (Raytest, Straubenhardt, Germany).
RESULTS
Establishment of a Preclinical Drug Testing Platform
In contrast to monolayers of primary tumor cells, stromal and epithelial components remain intact relative to each other in cultured cancer tissue slices, making them a more promising model for the prediction of drug effects in vivo [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The here presented preclinical drug testing platform ( Figure  1, A) is based on cultured tumor tissue slices and is applicable for analyzing effects of anti-cancer drugs from different compound classes, such as cytotoxic chemotherapeutic agents (e.g. Staurosporine) as well as new targeted therapeutic drugs, like small molecules (e.g. IRESSATM) and therapeutic monoclonal antibodies (e.g. Herceptin®) (see . The collection of the tissue and the further preparation of highly reproducible tissue slices are controlled by Indivumed's standard operating procedures. For Indivumed' s precision cut cancer tissue slice cultures freshly prepared lung, colon, or breast tumor tissues were cut into 400 μm slices and treated with different drugs for up to 72 h. To ensure best viability culture conditions were optimized for each tumor entity. And a visual quality control during cutting was performed. Preparation and cultivation did not influence expression levels of phospho proteins (data not shown). Subsequently, drug effects can be localized in the intact tumor microenvironment by viability, DNA and RNA as well as proteomic assays (Figure 1, B) .
Gene Expression Analysis in Primary Tumor Cells and Tissues
The high density HG-U133 plus 2.0 chips from Affymetrix was used for gene expression analysis. Genes were then analyzed by Onto-Express according to their affiliation to biological processes (Figure 2, A) .
Influences of culturing conditions on gene expression in cell lines, primary cells and tissue slices were analyzed. Pattern similarities were examined by performing a Principle Component Analysis (PCA) (Figure 2, B) . We analyzed and compared the tumor-relevant gene expression pattern of oncogenes, tumor suppressor genes, growth factors and genes related to signaling pathways in 4 tissue/cell types and 3 cultivation periods in colorectal specimens: original tumor tissue, corresponding freshly prepared tumor slices, primary tumor cells, and a colorectal cell line. Strong distance of data points demonstrated strong differences in gene expression.
Freshly prepared tumor tissues of 7 colorectal cancer (CRC) patients were snap frozen directly after resection, representing the original tumor tissue (red dots). Six primary tumor cell populations of the same patients (blue dots), 4 tissue slices (green dots) and HT-29 cells (blue dots) were analyzed prior to cultivation (0 h) and after 24 h and 72 h of in vitro cultivation and compared with the original tumor tissue. Due to quantity limitations it was not possible to isolate and culture slices or primary slices from all patient's samples. To test the effect of homogeneity HT-29 cells were used.
The basal expression pattern of original tumor tissue of all specimens (red dots) spread over a wider array range (red cluster), demonstrating the individual differences in tumorspecific gene expression patterns within a heterogeneous human population. The patterns of freshly isolated primary tumor cells (light blue dots, red cluster) and freshly prepared tissue slices (light green dots, red cluster) were closely located with those of original tumor tissue depicting similarities in gene expression. This indicated that the preparation procedures did not remarkably influence the gene expression. Moreover, in tissue slices gene expression patterns changed only marginal during short time cultivation Pattern similarities were examined by performing a Principle Component Analysis (PCA) (Figure 2, B) . We analyzed and compared the tumor-relevant gene expression pattern of oncogenes, tumor suppressor genes, growth factors and genes related to signaling pathways in 4 tissue/cell types and 3 cultivation periods in colorectal specimens: original tumor tissue, corresponding freshly prepared tumor slices, primary tumor cells, and a colorectal cell line. Strong distance of data points demonstrated strong differences in gene expression.
The basal expression pattern of original tumor tissue of all specimens (red dots) spread over a wider array range (red cluster), demonstrating the individual differences in tumorspecific gene expression patterns within a heterogeneous human population. The patterns of freshly isolated primary tumor cells (light blue dots, red cluster) and freshly prepared tissue slices (light green dots, red cluster) were closely located with those of original tumor tissue depicting similarities in gene expression. This indicated that the preparation procedures did not remarkably influence the gene expression. Moreover, in tissue slices gene expression patterns changed only marginal during short time cultivation 
Viability and Proliferation of Non-small Cell Lung Cancer Precision cut cancer Tissue Slices
Viability and morphological integrity of untreated cultured tissue slices is a prerequisite for drug testing to ensure that observed changes in tissue physiology are caused by the respective drug. Furthermore, some compounds like for example oxaliplatin [48] or 5-fluorouracil [49] are only effective in proliferating cells. Thus, viability and proliferation of cultured tissue slices were analyzed, exemplified with non-small cell lung cancer (NSCLC) tissue (Figure 3 ).
Freshly prepared NSCLC tissue slices were cultured for up to 72h and proliferation as well as apoptosis was examined by Ki67 (proliferation marker) and Caspase-3 (apoptosis marker) immunohistochemistry (IHC) staining. Nearly no differences in Ki67 expression pattern could be observed during 72h compared to the starting point (Figure 3, upper  panel) , indicating enduring cell proliferation. Furthermore, the morphology of the tissue remained unchanged. Only a slight induction of apoptosis was visible at 72 h of cultivation ( Figure 3, lower panel) , confirming that these tissue slice cultures are viable and suitable for drug testing experiments.
Viability and Pathways Activation in Staurosporinetreated CRC Precision Cut Cancer Tissue Slices
To examine whether the effects of cytotoxic agents can be measured in tissue slice cultures, CRC tissue slices were treated with different concentrations of Staurosporine for 24 h. Staurosporine is a well-known inducer of apoptosis by inhibiting protein kinases [50] .
Adenosine triphosphate (ATP) (Figure 4 , A) and Caspase-3/7 ( Figure 4 , B) served as read out assays, resulting in a dose- dependent reduced viability (up to 67 % reduced ATP levels with 10 μM) and apoptotic effect (up to 4-times higher Caspase-3/7 levels with 10 μM).
Additionally, the influence on pro-apoptotic and antisurvival cellular signaling [51] was analyzed by Meso Scale Discovery (MSD®) technique (Figure 4 C and D) . Staurosporine treatment of CRC tissue slices resulted in a dose-dependent reduction of both, total Akt (up to 94 % with 10 μM) and pAkt levels (up to 85 % with 10 μM), indicating elevated apoptotic events.
Effects of IRESSATM on CRC Cell Lines and Precision Cut Cancer Tissue Slices
Cytotoxicity assays demonstrated the induction of apoptosis in tissue slice cultures treated with a cytotoxic chemotherapeutic agent (see Figure 4) . To demonstrate that it is also possible to detect effects of therapeutic small molecules in cultured tissue slices we used the EGFR inhibitor IRESSATM (Gefitinib). IRESSATM binds to the cytoplasmic domain of EGFR and inhibits receptor auto phosphorylation, thus interrupting the following downstream signaling cascades including the Akt and MAPK pathway [52] .
Functionality of IRESSATM was initially analyzed in EGFRpositive and -negative CRC cell lines. Prior performed IHC staining with an anti-EGFR antibody revealed nearly no EGFR in SW480 cells, whereas elevated EGFR levels could be detected in Caco-2 cells (Figure 5, A) . SW480 cells showed only a slight reduction of ATP after 48 h or 72 h treatment ( Figure 5, B) . In contrast, Caco-2 demonstrated a dose-dependent reduction of viability ( Figure 5, C) , illustrated by decreasing ATP (up to 54 % and 52 % with 10 μM for 24 h and 72 h, respectively). For pathway analysis on IRESSATM-treated, EGF stimulated cell lines the phosphorylation status of the key signaling protein Akt was evaluated by Western blotting. As depicted in Figure 5 D, Caco-2 showed a dose-dependent reduction of pAkt already after 24 h. In contrast nearly no effect could be observed in EGFR-negative SW480 cells in which pAkt levels only slightly decreased at the highest IRESSATM concentration after 48 h.
Based on these observations, responsiveness of cultured tissue slices was examined. IHC staining demonstrated Since both proteins are induced in their phosphorylated form cell survival and growth are inhibited. These findings verified a cytotoxic effect of IRESSATM also in EGFR-positive tissue slice culture. Enabling the assessment of the response in the individual expression background [47] .
Diffusion of Antibodies over the Cell Membrane in Precision Cut Cancer Tissue Slices
Monoclonal therapeutic antibodies as well as small molecule tyrosine kinase inhibitors were designed to interrupt the signaling pathways of a cell. In contrast to small molecules, which are small enough to pass the cellular membrane and act intracellular [52] , the much larger monoclonal antibodies are directed against the extracellular domain of transmembrane receptors/channels. In order to analyze, if effects of antibodies can be tested in our model we used the widely expressed epithelial cell adhesion molecule (EpCAM), to show that antibodies diffuse into the tissue slices and bind to their target.
CRC tissue slices were incubated with anti-EpCAM antibody for 2-24 h. Afterwards immunofluorescent staining was performed. In Figure 7 A the fluorescence signals appears at the outer regions of the tissue slice after 2 h of incubation. With increasing incubation time (24 h) time-dependent diffusion in deeper cell layers occurred (Figure 7, B) . The specificity of binding and staining was shown by positive and negative controls (Figure 7, C) .
The diffusion of a therapeutic antibody, such as Herceptin® (Trastuzumab), into breast cancer tissue is has to be shown. Nevertheless, diffusion and binding of Herceptin® (Trastuzumab) into breast cancer tissue is indirectly shown by presenting effects of the antibody in the following section.
Effect of Herceptin® on Breast Cancer Cell Lines and Precision Cut Cancer Tissue Slices
Our previous experiments showed that antibodies diffused into cultured tissue slices (see Figure 7) . dose-dependent reduced pAkt expression under Herceptin® treatment (Figure 8, B) . Whereas MCF7 were strongly Her-2 receptor negative (Figure 8 , A) and pAkt expression was not affected by Herceptin® treatment (Figure 8, B) .
Her-2 receptor status of cultured breast cancer tissue slices of 2 representative patients was also evaluated by IHC. Patient X2417 showed a clear overexpression of Her-2 receptor (3+) whereas patient X2309 was staged as Her-2 receptor negative (1+) (Figure 9, A) . Western blot analysis illustrated a dosedependent reduction of pAkt and pMAPK in Her-2 receptor positive tissue of patient X2417 (Figure 9, B) . In contrast pAkt and pMAPK expression levels remained stable in Her-2 receptor negative breast cancer tissue from patient X2309. These results indicated that therapeutic antibodies are functional in our in vitro/ex vivo system.
DISCUSSION
We established a functional tissue slice culture system for colon, lung and breast tumor tissues. Gene expression patterns of freshly prepared tumor tissues and isolated primary cells resembled those of the individual original tumors. Cultivation of primary cells altered their gene expression patterns, while those of cultured tumor tissue slices were only slightly affected. The here presented drug profiling platform was suitable for the evaluation of drug effects of a variety of different compound classes. Staurosporine reduced ATP levels and increased Caspase-3/7 levels in CRC tissue slices, displaying the intact physiology of the culture system. IRESSATM led to reduced viability in EGFR-positive CRC cells as well as tissue slices. Additionally, downstream targets Akt and MAPK were dephosphorylated. The model is also suitable for evaluating effects of monoclonal antibodies, seen in antibody diffusion studies and effect of Herceptin®. The latter lowered the expression of Akt and MAPK in Her-2-positive breast cancer cells and tissue slices.
Drug treatment in the background of individual expression profiles is applied amongst others in NSCLC, colon and breast cancer [3] . For example, EGFR expression is tested before treatment in order to identify patients who would benefit from treatment with IRESSATM. In colon cancer other EGFR inhibitors such as cetuximab (Erbitux®) and panitumumab (VECTIBIX®) are also used. Both can induce responses in advanced disease, but lack to prove effect on prolonged survival [54] . Patients who suffer from certain types of breast or stomach cancer are pre-evaluated for Her-2 expression by IHC with the intention to identify if they would benefit from Herceptin® treatment [53] .
Testing the effectiveness of new drugs is highly depended on the right test system. Different screening systems for drug profiling have been established, trying to either assess hundreds of compounds or mimic the in vivo situation as close as possible. Cell lines, cultured isolated tumor cells, or spheroids in artificial matrices lack the regular microenvironment, the heterogeneity of individual tumors and a natural drug penetration barrier [11, 28, 32, 41] . Cellcell interaction, intact morphology as well as the presence if e.g. immune cells are known to have a huge impact on drug efficacy and gain more and more attention in cancer research [55] . Both in vitro and in vivo studies can contribute to the characterization of newly developed medications. The intensively used patient-derived tumor xenografts (PDTX) are not an entirely human system [56] . Tissue slice cultures can add value to the understanding of how a drug works and PDTX can tell about its safety, making them a good combination in the process of drug development. In contrast to time consuming PDTX, the here presented human tissue slice culture excludes required culture amplification steps, thus, minimizing in vitro selection bias [28] , has a reduced experimental time, needs smaller amount of compound (mostly μg vs. mg range) and has no interference with host immunity [57] . The most striking benefit of tissue slices is the option of testing the individual response to drug from patients parallel to a clinical trial and enabling the randomization of patients and reduction of costs by excluding non-responders. We established in detail a tissue slice culture system for colon, breast and lung which is also suitable for other solid tumors like prostate [58] , pancreas [59] , ovarian [60] , liver [61] , or head and neck cancer [62] . The model also showed excellent results with standard of care drugs and viability was clearly diminished by camptothecin, gemcitabine, oxaliplatin, folinic acid/5-fluorouracil/oxaliplatin (FOLFOX).
Certainly, human tissue slice culture have their disadvantages like the lack of a functional blood vessel system, limited in vitro cultivation time (up to 72h), and low throughput [57, 63] . In some tissues like breast tumors structural composition is also a limiting factor. However, almost all in vitro culture systems have these drawbacks in common. Potentially, the tissue slice culture system is complementary to classical in vitro cell and PDTX models for further evaluating the potency and efficiency of a newly developed drug.
Readout parameters like ATP levels, Caspase , MALDI-MS, NanoProTM 1000, MSD® and IHC are easy to handle and applicable in tissue slice cultures [47] , as demonstrated The usefulness of the presented tissue slice culture is shown, although it has to prove its utility in state-of-the-art techniques like gene therapy shown by others [59] . This will be elucidated further.
CONCLUSIONS
Tissue slice culture is a valuable preclinical model and applicable to examine the effects of various anti-cancer compounds like cytotoxic chemotherapeutic drugs as well as targeted therapeutics. Especially the use along with clinical trials and the discovery of responder groups brings an additional benefit for physicians during the process of treatment decision in personalized medicine. 
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proteomic profiling. Therefore, the application of reverse-phase protein microarray technology for the study of ongoing signaling activity within breast tumor specimens holds great potential for elucidating and profiling signaling activity in realtime for patient-tailored therapy. Moreover, their data demonstrate the requirement of laser capture microdissection (LCM) for analysis and reveal the metastasisspecific changes that occur within a new microenvironment. Microdissection should be a necessary component of molecular analysis since dramatic changes within specific protein phosphorylation levels were noted between a majority of the undissected and microdissected samples. Laser capture microdissection technology permits a selection of a homogenous tumor population from a field of normal-appearing cells and vice versa, to improve the accuracy of comparative proteomics studies. Furthermore, Haab et al. [327] noted that, the sensitivity of individual antibody-antigen interactions for any given detection system are highly dependent on the relative abundance of the antigen-antibody species and the binding affinities between the probe antibodies and the immobilized antigens. Liotta et al.
[333] reported on the analytical challenges faced by protein arrays and proposed a practical guide for optimizing construction and study design. Additionally, a difficulty is associated with preserving proteins in their biologically active conformation before analysis. This will further limit the application of this technology as a routine proteomic strategy, unless clinical samples are routinely taken by the use of highly specified procedures. The broad application of protein arrays in personalized medicine is also impaired by the costs of producing antibodies and the limited availability of antibodies with high specificity and high affinity for the target. Nevertheless, protein microarrays in combination with technologies such as LCM and high standardization will greatly contribute to the improved description of the multifactorial network, underlying individual response to anticancer therapy and will allow the design of personalized medicine.
Discussion
For most of the history of medicine, doctors relied on their senses-mainly vision, hearing, and touch-to diagnose illness and monitor a patient's condition. Since then, biomedical research has made huge progress in diagnosis and treatment strategies. The traditional trial-and-error practice of medicine is progressively eroding in favor of more precise marker-assisted diagnosis and safer and more effective molecularly guided treatment of disease. The aim of personalized medicine is to tailor disease detection, diagnosis and therapy to each individual´s profile, using molecular profiles to predict disease development, progression, clinical outcome and response to anticancer therapy. Recent advances in high-throughput technologies have raised new opportunities in the fields of personalized-and predictive medicine. Thus, enabling researchers to screen the whole genome, proteome, transcriptome, and metabolome for biomarkers, in tumor tissues and body fluids [334] . In addition, new cellular models such as 3D organoid cultures or spheroid systems opened new opportunities in drug discovery and translational research. These models reflect the in vivo situation much better than common 2D models which are however, well suitable for high-throughput screenings. The introduction of modern technologies such as mass spectrometry and protein and DNA arrays, combined with the understanding of the human genome, has enabled simultaneous examination of thousands of proteins and genes in single experiments. These technologies are capable of performing parallel analysis, in contrast to serial analysis conducted with older methods. Due to the variety of data points, they provide opportunities to identify distinguishing patterns for cancer diagnosis and classification as well as for prediction of response to anticancer therapies. Furthermore, these technologies provide the means by which new tumor markers could be discovered. At the current stage, the molecular prediction of response to anticancer therapy is more exploratory, aiming at advancing scientific knowledge within clinical investigations rather than routine in clinical practice.
